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Ultrahigh lattice thermal conductivity in topological semimetal TaN caused by large
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Topological semimetal may have potential applications like topological qubits, spintronics and
quantum computations. Efficient heat dissipation is a key factor for the reliability and stability
of topological semimetal-based nano-electronics devices, which is closely related to high thermal
conductivity. In this work, the elastic properties and lattice thermal conductivity of TaN are in-
vestigated by first-principles calculations and the linearized phonon Boltzmann equation within the
single-mode relaxation time approximation (RTA). According to the calculated bulk modulus, shear
modulus and C44, TaN can be regarded as a potential incompressible and hard material. The
room-temperature lattice thermal conductivity is predicted to be 838.62 Wm−1K−1 along a axis
and 1080.40 Wm−1K−1 along c axis, showing very strong anisotropy. It is found that the lattice
thermal conductivity of TaN is several tens of times higher than one of other topological semimetal,
such as TaAs, MoP and ZrTe, which is due to very longer phonon lifetimes for TaN than other
topological semimetal. The very different atomic masses of Ta and N atoms lead to a very large
acoustic-optical band gap, and then prohibits the scattering between acoustic and optical phonon
modes, which gives rise to very long phonon lifetimes. Based on mass difference factor, the WC
and WN can be regarded as potential candidates with ultrahigh lattice thermal conductivity. Cal-
culated results show that isotope scattering has little effect on lattice thermal conductivity, and
that phonon with mean free path(MFP) larger than 20 (80) µm at 300 K has little contribution to
the total lattice thermal conductivity. This work implies that TaN-based nano-electronics devices
may be more stable and reliable due to efficient heat dissipation, and motivate further experimental
works to study lattice thermal conductivity of TaN.
PACS numbers: 72.15.Jf, 71.20.-b, 71.70.Ej, 79.10.-n Email:sandongyuwang@163.com
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I. INTRODUCTION
Topological nontrivial phase, including topological in-
sulator and semimetal, is one of the major advancements
in condensed matter physics and material science1–15.
The representative topological semimetals, such as Dirac
semimetal (Na3Bi)
6, Weyl semimetal (TaAs)8,9,13,14 and
nodal line semimetal (ZrSiS)15, have been confirmed by
angle-resolved photoemission spectroscopy (ARPES). In
Dirac and Weyl semimetals, even-fold degenerate point
can be observed in the momentum space6,8,11,12, such as
four-fold degenerate Dirac point and two-fold degenerate
Weyl point. Beyond Dirac and Weyl fermions, three-
, six- or eight-fold band crossings are proposed as new
types of topological semimetals16. A band crossing be-
tween a doubly degenerate band and a nondegenerate
band, namely three-fold degenerate crossing points, has
been predicted in TaN, MoP and ZrTe with WC-type
structure17–19, and in in InAs0.5Sb0.5
20. Experimentally,
the MoP has been confirmed to be topological semimetal
with triply degenerate nodal points (TDNPs), coexisting
with the pairs of Weyl points2.
These topological semimetals may have substantial
applications in electronics, spintronics and quantum
computation21. Efficient heat dissipation is a key fac-
tor for the reliable performance and stable function of
electronic devices based on these topological semimetals,
FIG. 1. (Color online)(a)The crystal structure of TaN in one
unit cell; (b)the Brillouin zone with high-symmetry points.
especially for the high-power situations22. High lattice
thermal conductivity is in favour of the high-performance
thermal management23. The lattice thermal conductiv-
ity in TaAs, MoP and ZrTe has been calculated from
a first principles calculation, showing obvious anisotropy
along the a and c crystal axis24–27. However, their lattice
thermal conductivities are relatively low, about 17∼44
Wm−1K−1 at 300 K, which is against efficient heat dis-
sipation. Therefore, searching for topological semimet-
als with high lattice thermal conductivity is very neces-
sary and interesting. In this work, the elastic proper-
ties of topological semimetal TaN are studied from first-
principles calculations, and the phonon transport prop-
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FIG. 2. The calculated energy band structures of TaN along
high-symmetry paths using GGA+SOC, with fatted bands
projected onto N (left) and Ta (Right) atoms .
erties are performed by solving the phonon Boltzmann
transport equation. The calculated bulk modulus, shear
modulus and C44 suggest that TaN is a potential low
compressible and hard material. The calculated lattice
thermal conductivity is very higher than one of TaAs,
MoP and ZrTe24–27, and the room-temperature lattice
thermal conductivity is predicted to be 838.62Wm−1K−1
and 1080.40 Wm−1K−1 along the a and c axis. This can
be attributed to the large acoustic-optical frequency gap
due to the large mass difference of Ta and N, producing
inefficient scattering among acoustic and optical phonon
modes. The mass difference factor suggests that WC and
WN are potential topological materials with ultrahigh
lattice thermal conductivity.
The rest of the paper is organized as follows. In the
next section, we shall give our computational details
about phonon transport. In the third section, we shall
present elastic and phonon transport properties of TaN.
Finally, we shall give our discussion and conclusions in
the fourth section.
II. COMPUTATIONAL DETAIL
First-principles calculations are carried out within the
projected augmented wave (PAW) method, as imple-
mented in the VASP code28–30. The generalized gradient
approximation of the Perdew-Burke-Ernzerhof (GGA-
PBE)31 is adopted for the exchange-correlation func-
tional with the plane-wave-cut-off energy of 500 eV, The
2s and 2p electrons of N, and 6s and 5d electrons of Ta are
treated as valance ones. The energy convergences are less
than 10−8 eV. The lattice thermal conductivity of TaN is
calculated by solving linearized phonon Boltzmann equa-
tion with the single mode RTA, as implemented in the
Phono3py code32. The lattice thermal conductivity can
be expressed as
κL =
1
NV0
∑
λ
κλ =
1
NV0
∑
λ
Cλνλ ⊗ νλτλ (1)
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FIG. 3. (Color online)Phonon dispersion curve of TaN, along
with atom partial density of states (PDOS).
where λ is phonon mode, N is the total number of q
points sampling the Brillouin zone (BZ), V0 is the volume
of a unit cell, and Cλ, νλ, τλ is the specific heat, phonon
velocity, phonon lifetime. The phonon lifetime τλ can
be attained by phonon linewidth 2Γλ(ωλ) of the phonon
mode λ:
τλ =
1
2Γλ(ωλ)
(2)
The Γλ(ω) takes the form analogous to the Fermi golden
rule:
Γλ(ω) =
18pi
h¯2
∑
λ′λ′′
|Φ
−λλ′λ′′ |2[(f
′
λ + f
′′
λ + 1)δ(ω − ω
′
λ−
ω
′′
λ) + (f
′
λ − f
′′
λ )[δ(ω + ω
′
λ − ω
′′
λ)− δ(ω − ω
′
λ + ω
′′
λ)]]
(3)
in which fλ is the phonon equilibrium occupancy and
Φ
−λλ′λ′′ is the strength of interaction among the three
phonons λ, λ
′
, and λ
′′
involved in the scattering.
The second- and third-order interatomic force con-
stants (IFCs) are calculated by the supercell approach
with finite atomic displacement of 0.03 A˚ . For second-
order harmonic IFCs, a 4 × 4 × 4 supercell contain-
ing 128 atoms is used with k-point meshes of 2 × 2 ×
2. Based on the harmonic IFCs, phonon dispersion of
TaN can be calculated by Phonopy package33, which de-
termines the allowed three-phonon scattering processes.
The group velocity and specific heat can also be attained
from phonon dispersion. For the third-order anharmonic
IFCs, a 3 × 3 × 3 supercells containing 54 atoms is used
with k-point meshes of 3 × 3 × 3. Based on third-order
anharmonic IFCs, the three-phonon scattering rate can
be attained, and further the phonon lifetimes can be cal-
culated. To compute lattice thermal conductivities, the
reciprocal spaces of the primitive cells are sampled using
the 20 × 20 × 20 meshes.
3TABLE I. The elastic constants Cij , bulk (B), shear (G) and Young’s (Exx and Ezz) moduli (in GPa) of TaN, MoP and ZrTe.
Name C11 C12 C13 C33 C44 C66 B G Exx Ezz
TaN 566.40 128.23 62.41 706.39 215.02 219.09 260.26 233.16 534.04 695.17
MoP 359.00 153.73 160.14 515.15 169.22 102.64 239.10 134.96 274.28 415.11
ZrTe 140.82 58.78 88.81 201.11 110.36 41.02 102.50 61.26 97.83 122.07
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FIG. 4. (Color online) The lattice thermal conductivities of
infinite (Pure and Isotope) TaN, ZrTe and MoP as a function
of temperature, including a and c directions; The cumulative
lattice thermal conductivity (200, 300 and 400 K) of infinite
(Pure) TaN divided by total lattice thermal conductivity with
respect to phonon frequency, along a and c directions.
III. MAIN CALCULATED RESULTS AND
ANALYSIS
The TaN shows WC-type crystal structure with space
group P 6¯m2 (No.187), and the crystal structure is shown
in Figure 1. The MoP and ZrTe have the same crystal
structure with TaN. The Ta and N atoms occupy the
1d (1/3, 2/3, 1/2) and 1a (0,0,0) Wyckoff positions, re-
spectively. Experimentally, it can be synthesized at high
pressure within a proper high temperature range. The
experimental lattice constants (a=b=2.9333 A˚, c=2.8844
A˚ )34 are used to investigate elastic properties and lattice
thermal conductivity of TaN. Firstly, the energy band
structures of TaN with fatted bands projected onto N
and Ta atoms are plotted in Figure 2. It can be seen
that there are two TDNPs along Γ-A direction with Ta-
d character. Our calculated energy band structures agree
well with previous report17. For MoP and ZrTe, besides
TDNPs, there are Weyl nodes in first BZ2,18.
Based on the experimental crystal structure, the elas-
tic constants Cij of the TaN are calculated, which are
listed in Table I, along with ones of MoP and ZrTe. The
elastic constants satisfy the following mechanical stabil-
ity criteria35,36
C44 > 0 (4)
C11 > |C12| (5)
(C11 + 2C12)C33 > 2C
2
13 (6)
This indicates that the system of TaN is in a mechan-
ical stable. Based on calculated elastic constants, the
bulk, shear and Young’s modulus can be obtained by
Voigt-Reuss-Hill approximations. The Voigt’s, Reuss’s
and Hill’s bulk modulus can be calculated by the follow-
ing equations:
BV =
1
9
(2C11 + C33 + 2C12 + 4C13) (7)
BR = (2S11 + S33 + 2S12 + 4S13)
−1 (8)
BH =
1
2
(BV +BR) (9)
The Voigt’s, Reuss’s and Hill’s shear modulus can be
attained by using these formulas:
GV =
1
15
(2C11+C33−C12− 2C13+6C44+3C66) (10)
GR = [
1
15
(8S11 + 4S33 − 4S12 − 8S13 + 6S44 + 3S66)]−1
(11)
GH =
1
2
(GV +GR) (12)
The Young’s modulus Eii can be computed by the rela-
tionship:
Eii = 1/Sii (13)
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FIG. 5. (Color online)The mode level phonon group velocities
and phonon lifetimes (300K) of infinite (Pure) TaN in the first
BZ.
The Sij are the elastic compliance constants. The related
data are tabulated in Table I, together with ones of MoP
and ZrTe. The B/G can be used to measure material
behaviour as ductile (B/G>1.75) or brittle (B/G<1.75).
For TaN, the calculated B/G ratio value is 1.12, in-
dicating that the brittle character is dominant. Bulk
modulus or shear modulus can measure the hardness of
materials37. The materials with higher bulk or shear
modulus may be likely harder materials. The magni-
tude of the shear modulus C44 may be a better hardness
predictor for transition-metal carbonitrides38,39. Based
on these criteria, TaN may be a incompressible and hard
material. Experimental studies on structural and me-
chanical properties of TaN are strongly recommended.
6
Based on harmonic IFCs matrix, the phonon disper-
sion and and atom partial density of states (DOS) of
TaN are plotted in Figure 3. No imaginary frequencies
are observed in the phonon dispersion of TaN, indicating
the thermodynamic stability of TaN. Two atoms per unit
cell lead to 3 acoustic and 3 optical phonon branches. In
contrast to MoP and ZrTe, a significant difference is ob-
served. It is clearly seen that there is a phonon band gap
of 6.05 THz at the A point (0, 0, pi/2) between acoustic
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FIG. 6. (Color online)At 200, 300 and 400 K, the cumulative
lattice thermal conductivity divided by total lattice thermal
conductivity with respect to phonon MFP along a and c di-
rections.
and optical branches, which is very larger than one of
MoP (0.68 THz) and ZrTe (0.15 THz)24,25. The large
phonon band gap is due to very different atomic masses
of Ta and N atoms40,41. A mass difference factor, defined
as δ = (Mmax−Mmin)/Mmin, is used to measure the dif-
ferent strength, and the corresponding value is 11.92 for
TaN, 2.10 for MoP and 0.40 for ZrTe. According to atom
partial DOS (PDOS), the vibrations of Ta (N) atoms al-
most completely dominate acoustic (optical) branches.
These are familiar from the diatomic linear chain model,
where acoustic (optical) branches are mainly contributed
by the vibrations of by the larger (smaller) mass.
From harmonic and anharmonic IFCs, the intrinsic
lattice thermal conductivity of TaN can be calculated
by solving the linearized phonon Boltzmann equation
within single-mode RTA method. Based on the formula
proposed by Shin-ichiro Tamura42, the phonon-isotope
scattering can be included. Along a and c directions,
the lattice thermal conductivities of pure and isotopic
TaN as a function of temperature are shown in Fig-
ure 4, together with ones of ZrTe and MoP for com-
parison. Similar to ZrTe and MoP, the lattice ther-
mal conductivity of TaN shows obvious anisotropy. It
is clearly seen that the c-axis lattice thermal conductiv-
ity is very higher than a-axis one. The room-temperature
lattice thermal conductivity of pure (isotopic) TaN along
a and c axis is 838.62 (814.96) Wm−1K−1 and 1080.40
(1044.06) Wm−1K−1, respectively. The room tempera-
ture ”isotope effect” is given by P = (κpure/κiso − 1),
which is 2.90% along a axis, and 3.48% along c axis.
These mean that phonon-isotope scattering has little ef-
fects on lattice thermal conductivity. Due to enhance-
ment of phonon-phonon scattering, isotopic effect on lat-
tice thermal conductivity gradually becomes weak with
increasing temperature. An anisotropy factor26, defined
as η = (κL(cc)−κL(aa))/κL(aa), can be used to measure
the anisotropic strength. The η for TaN is 28.83%, which
is smaller than that of MoP (88.5%) and ZrTe (145.3%),
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FIG. 7. (Color online)The mode level phonon Gru¨neisen pa-
rameters (γ) of TaN in the first BZ.
implying weak anisotropy with respect to MoP and ZrTe.
This can also be explained by the shear anisotropy ratio
A, defined as A = C44/C66
43. The calculated A for TaN
(0.98) is more closer to 1 than ones of MoP (1.65) and
ZrTe (2.69). It is noted that the lattice thermal conduc-
tivity of TaN along a (c) direction is around 45 (31) times
higher than that of MoP, and about 48 (25) times higher
than one of ZrTe. The relation between lattice thermal
conductivity and Young’s modulus is κL ∼
√
E44. It
is found that the order of lattice thermal conductivity
along a and c directions is consistent with one of Young’s
modulus. At 200, 300 and 400 K, the cumulative lattice
thermal conductivities divided by total lattice thermal
conductivity with respect to frequency along a and c di-
rections are shown in Figure 4. The cumulative thermal
conductivity is defined by:
κc(ω) =
∫ ω
0
Σλκλδ(ωλ − ω
′
)dω
′
(14)
It is clearly seen that nearly all lattice thermal conductiv-
ity is made up of the acoustic phonon branches for three
considered temperature. It is noted that the cumula-
tive lattice thermal conductivities divided by total lattice
thermal conductivity with respect to frequency has weak
temperature dependence. The slope along a direction is
larger than that along c direction, which means that low
frequency phonon has larger contribution to total lattice
thermal conductivity for a than c direction.
To gain more insight into high lattice thermal con-
ductivity of TaN, we show the mode level phonon group
velocities and lifetimes in Figure 5. In long-wavelength
limit, the largest phonon group velocity of TA1, TA2 and
LA branches is 3.91 kms−1, 4.12 kms−1 and 6.89 kms−1,
respectively. These are larger than ones of ZrTe25, but
smaller than ones of MoP24. It is clearly seen that the
most of group velocities of acoustic branches are higher
than those of optical branches. It is found that most of
phonon lifetimes of TaN are very longer than ones of MoP
and ZrTe24,25, which leads to very higher lattice thermal
conductivity for TaN than MoP and ZrTe. Unexpectedly,
the phonon lifetimes near 6 and 17 THz become very
large. This can be understood by very large frequency
gap between the optical and acoustic phonon branches.
The frequency gap (6.05 THz) is close to the range of
acoustic phonons (8.64 THz). While heat is transmitted
primarily by the acoustic branches, the optical branches
provide important scattering channels for the acoustic
modes, particularly through acoustic+acoustic→optical
scattering. Because of the requirement on energy con-
servation for phonon-phonon scattering, the annihilation
process of two acoustic phonon modes into one optical
one becomes ineffective (such annihilation process is not
totally prohibited.) caused by acoustic-optical gap. As a
result, the weaker phonon-phonon scattering rate is pro-
duced, and then results in long phonon lifetimes, giving
rise to a much high lattice thermal conductivity. The
very high thermal conductivity is found in BAs45 and
AlSb46, which is also due to a large frequency gap.
The size dependence of lattice thermal conductivity
of TaN can be reflected by the cumulative lattice ther-
mal conductivity with respect to MFP, which shows how
phonons with different MFP contribute to the thermal
conductivity. The MFP cumulative lattice thermal con-
ductivity is defined as:
κc(l) =
∫ l
0
Σλκλδ(lλ − l
′
)dl
′
(15)
lλ = |lλ| = |νλ ⊗ τλ| (16)
At 200, 300 and 400 K, the cumulative lattice thermal
conductivity divided by total lattice thermal conductiv-
ity with respect to MFP along a and c directions are
shown in Figure 6. It is clearly seen that the cumulative
lattice thermal conductivity of TaN along both a and c
axis approaches saturation value with MFP increasing.
With the increasing temperature, the critical MFP grad-
ually decreases. At 300 K, phonons with MFP larger than
20 (84) µm along a (c) direction has little contribution to
the total lattice thermal conductivity. At room temper-
ature, phonons with MFP smaller than 1 (2) µm along
a(c) direction contribute around half to the total lattice
thermal conductivity. These results mean that the lat-
tice thermal conductivity along c direction is tuned more
easily than that along a direction.
IV. DISCUSSIONS AND CONCLUSION
The MoP, ZrTe and TaN have the same crystal struc-
ture, and their lattice thermal conductivities show obvi-
ous anisotropy along a and c directions, where the lattice
thermal conductivity along c direction is larger than that
along a direction. However, a very higher lattice ther-
mal conductivity of TaN is observed than that of MoP
and ZrTe. Traditionally, a low Debye temperature TD
indicates low lattice thermal conductivity. All phonon
6TABLE II. For TaN, MoP and ZrTe, the longitudinal, transversal and average sound speed (vL, vT and vA in km/s), Debye
temperature (TD in K); the frequency gap between acoustic and optical phonons (Gapao in THz); the a-axis, c-axis and average
lattice thermal conductivity (κaa, κcc and κA in Wm
−1K−1).
Name vL vT vA TD Gapao κaa κcc κA
TaN 6.11 3.79 4.80 647.92 6.05 838.62 1080.4 919.21
MoP 7.48 4.36 5.63 687.17 0.68 18.41 34.71 23.84
ZrTe 4.92 3.12 3.92 405.78 0.15 17.56 43.08 26.07
modes are excited with the temperature above TD, which
can give rise to strong three-phonon scattering, and then
suppress lattice thermal conductivity. When the temper-
ature is below TD, some phonon modes begin to be frozen
out47. The Debye temperature can be obtained from the
average sound velocity using the following equation48:
TD =
(
3N
4piV0
)1/3
hvA
kB
(17)
where N denotes the number of atom in the primitive unit
cell, V0 denotes the unit cell volume, h and kB denote the
Planck’s and Boltzmann’s constants. The average sound
speed vA can be calculated from the longitudinal and
transversal sound velocities, vL and vT .
vA =
[
1
3
(
1
v3L
+
2
v3T
)]
−1/3
(18)
The longitudinal and transversal sound velocities, vL and
vT , are related to the bulk, shear modulus and the density
of the material, B, G and ρ.
vL =
√
(B + 4G/3)/ρ (19)
vT =
√
G/ρ (20)
The longitudinal, transversal, average sound speed and
Debye temperature of TaN, MoP and ZrTe are listed in
Table II. Assumed from Debye temperature, the lattice
thermal conductivity of TaN should be lower than one
of MoP, and should be slightly higher than that of ZrTe.
In contrast to this straightforward prediction, the cal-
culated lattice thermal conductivity of TaN is dozens of
times higher than one of MoP or ZrTe. Based on the
formula proposed by Slack49, four factors, including the
average atomic mass, interatomic bonding, crystal struc-
ture and anharmonicity, determine the lattice thermal
conductivity. A high Debye temperature can be pro-
duced by low average atomic mass and strong interatomic
bonding, leading to a high thermal conductivity. Mode
Gru¨neisen parameters γ can measure the strength of an-
harmonic interactions, determining the intrinsic phonon-
phonon scattering. The larger γ gives rise to stronger an-
harmonic phonon scattering, leading to lower lattice ther-
mal conductivity. The mode level Gru¨neisen parameters
of TaN are plotted in Figure 7. The average Gru¨neisen
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FIG. 8. (Color online)Phonon dispersion curves of TaN, MoP
and ZrTe.
parameter is 1.60, which is close to 1.57 of MoP24 and
1.52 of ZrTe25. Therefore, other factors should be found
to explain very high lattice thermal conductivity in TaN.
Although TaN, MoP and ZrTe have similar outlines of
phonon dispersion (see Figure 8), a significant difference
is found. A very large frequency gap (6.05 THz) between
the optical and acoustic phonon branches in TaN is ob-
served, while the gap is only 0.68 THz for MoP and 0.15
THz for ZrTe. The large thermal conductivity of TaN is
due to the large acoustic-optical frequency gap caused by
the large mass difference of Ta and N, which can lead to
inefficient scattering among acoustic and optical phonon
modes. The frequency gap between acoustic and opti-
cal phonons, a-axis, c-axis and average lattice thermal
conductivities (κA=(κaa+κbb+κcc/3) of TaN, MoP and
ZrTe are listed in Table II. Therefore, the extremely
large frequency gap has a dramatic effect on lattice ther-
mal conductivity of materials. Recently, many materials
with WC-type crystal structure have been predicted as
topological metal candidates6. The mass difference fac-
tor δ for these topological metals are plotted in Figure 9.
The large δ can lead to large acoustic-optical gap, in-
ducing large lattice thermal conductivity by restricting
acoustic+acoustic→optical scattering. It is clearly seen
that δ of WC and WN is larger than 10, being close to
one of TaN. So, WC and WN may be potential candi-
dates with ultrahigh lattice thermal conductivity.
In summary, the elastic and phonon transport prop-
erties of TaN are investigated by combining the first-
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FIG. 9. (Color online)The mass difference factor of a list of
topological metals with WC-type crystal structure.
principles calculations and semiclassical Boltzmann
transport theory. Based on elastic tensor components
Cij , the mechanical stability of TaN is confirmed by me-
chanical stability criteria. The bulk modulus, shear mod-
ulus, Young’s modulus, the longitudinal sound speed,
transversal sound speed and Debye temperature are also
attained, according to calculated Cij . It is predicted that
TaN may be a potential low compressible and hard ma-
terial, based on calculated bulk modulus, shear modulus,
and C44. It is found that TaN has ultrahigh lattice ther-
mal conductivity, showing an obvious anisotropy along
the a and c crystal axis. The extremely large frequency
gap in TaN strongly restricts acoustic+acoustic→optical
scattering through the energy conservation, which leads
to ultrahigh lattice thermal conductivity in TaN. Calcu-
lated results show that isotope scattering has little effect
on the lattice thermal conductivity of TaN, and phonons
with MFP larger than 20 (80) µm along a (c) direction
have little contribution to the total lattice thermal con-
ductivity. Our works shed light on elastic and phonon
transport properties of TaN, and help to seek ultrahigh
lattice thermal conductivity in topological semimetals by
large frequency gap, such as WC and WN.
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